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Abstract Three continent-scale shear zones are arguably the most outstanding structural features in the
southeastern Tibetan Plateau, and therefore, their tectonic and landscape evolution have signiﬁcant
implications for understanding the history and mechanisms of intracontinental mountain building and
plateau growth. This study presents low-temperature thermochronology from the Gaoligong and Chongshan
shear zones (GLSZ and CSSZ) and quantitative analyses of ﬂuvial longitudinal proﬁles of tributaries in the
Salween drainage, which lies between the shear zones. Apatite and zircon (U-Th)/He data reveal a two-stage
exhumation history for both shear zones: rapid and prominent cooling in the middle Miocene followed by a
second, lower magnitude cooling event in the late Miocene to early Pliocene. Ductile transpressional
shearing is inferred to have caused the ﬁrst cooling, continuing until ~11 Ma. The northward migration of the
tectonic events along the Mogok metamorphic belt and GLSZ and synchronous dextral displacement along
the Jiali fault indicate the dominant role of the north advancing eastern Himalayan syntaxis on the
surrounding structures. Increased river incision is identiﬁed in the middle Salween drainage, leading to
two-segment river proﬁles and further exhumation along the GLSZ and CSSZ. The tributary transient
response could result from temporal changes in uplift or adjustments of the trunk channel to climatic change.
Furthermore, glaciers play an important role in shaping the landscape of the upper reaches of catchments
in the northern segment of the shear zones. Different drivers for the two exhumation events may reﬂect
distinct stages of plateau growth characterized by different crustal deformation patterns.
1. Introduction
Approximately 2,000–2,500 km of India-Asia convergence has produced the world’s largest orogenic
highland, the Tibetan Plateau, and extensive intracontinental deformation within the Eurasian plate
(e.g., Dewey et al., 1989; Yin & Harrison, 2000). The plateau margins exhibit distinct regional structural and
morphologic features. For example, the southern and eastern margins, adjacent to the Himalaya and
Sichuan basin, respectively, are characterized by crustal shortening and thrusting with steep topographic
gradients (Figure 1a; e.g., Kirby et al., 2002; Tian et al., 2015; Yin & Harrison, 2000). In contrast, the southeastern
margin of the Tibetan Plateau is dominated by large-scale strike-slip fault systems and characterized by a
smooth, long-wavelength topography (Figure 1a; e.g., Clark et al., 2005, 2006; Royden et al., 2008; E. Wang
& Burchﬁel, 1997). The Gaoligong, Chongshan, and Ailaoshan-Red River shear zones (GLSZ, CSSZ, and
ALRRSZ) extend hundreds of kilometers through the southeast margin, ranking as the most outstanding
structural features in this region (Figure 1a; e.g., Akciz, 2004; Deng et al., 2014; Leloup et al., 1995, 2001).
Several geodynamic models, including quasi-rigid block extrusion and subduction (Tapponnier et al., 1982,
2001), lower crustal ﬂow (Royden et al., 1997, 2008), and removal of thickened lithospheric mantle (Molnar
et al., 1993), have been proposed to explain the Cenozoic deformation and surface uplift in the southeastern
Tibetan Plateau. The orogenic processes and landscape evolution of these continent-scale shear zones have
great signiﬁcance for revealing the deformation mechanisms by which the Cenozoic postcollisional India’s
indentation into the Asian continent was accommodated (e.g., Houseman & England, 1993; Tapponnier
et al., 2001; E. Wang & Burchﬁel, 1997). However, compared to the well-studied Cenozoic ALRRSZ to the east
(e.g., Harrison et al., 1996; Leloup et al., 1995, 2001; Liu et al., 2012; Y. Wang et al., 2016), previous studies have
focused on the geometry, kinematics, petrographic units of the GLSZ and CSSZ, and put timing constraints on
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their deformation sequences (e.g., Akciz, 2004; Ji et al., 2000; Zhang et al., 2010; Zhang, Zhang, Chang, et al.,
2012), but there are little data reported to document long-term rock uplift, exhumation, and ﬂuvial incision
along shear zones. Such information could help decode mountain building and therefore identify crustal
deformation patterns during plateau growth.
In this study, we focus on a critically important area within the India-Eurasia oblique convergence zone, the
Three Rivers region (Deng et al., 2014; E. Wang & Burchﬁel, 1997). Three of the largest rivers of Asia, the
Salween (Nujiang), Mekong (Lancangjiang), and Yangtze (Changjiang) Rivers, originate in the plateau
interior and run parallel to each other through the southeast plateau separated by only tens of
Figure 1. (a) Simpliﬁed tectonic framework of the Tibetan Plateau (after Tapponnier et al., 2001). Three continent-scale
shear zones outcrop in the southeastern Tibetan Plateau: the Gaoligong shear zone (GLSZ), the Chongshan shear zone
(CSSZ), and the Ailaoshan-Red River shear zone (ALRRSZ), which consists of the Xuelongshan, Diancangshan, and Ailaoshan
shear zones (XLSZ, DCSZ, and ALSZ). EHS: eastern Himalayan syntaxis; SGF: Sagaing fault; MMB: Mogok metamorphic belt.
The white rectangle indicates the location of Figure 1b. (b) Topography, major Cenozoic fault systems, and rivers in the
southeastern Tibetan Plateau (compiled from E. Wang & Burchﬁel, 1997; Yin & Harrison, 2000). The area surrounded by gray
solid lines is the analyzed part of the Salween drainage. The black dashed box shows the location of Figure 2. LRF: Longling-
Ruili fault; WTF: Wanting fault; NTF: Nantinghe fault; QJF: Qujiang fault; JSF: Jianshui fault; XJF: Xiaojiang fault.
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kilometers, incising bedrock gorges up to ~3 km deep (Figure 1b; e.g., Clark et al., 2005; Liu-Zeng et al.,
2008; Yang et al., 2016). Amphibolite-grade metamorphic rocks that make up the GLSZ and CSSZ outcrop
along these incised valleys, indicating 15- to 20-km exhumation (e.g., Akciz, 2004; Zhang et al., 2010; Zhang,
Zhang, Chang, et al., 2012). We present new low-temperature thermochronologic data from the GLSZ and
CSSZ, and quantitative analyses of ﬂuvial longitudinal proﬁles along the Salween valley, which lies between
the shear zones in order to examine their exhumation histories and topographic evolution. Our results
reveal two rapid cooling episodes across the shear zones, with the earlier episode likely caused by tectonic
denudation during intracontinental transpression in the middle Miocene, and the more recent episode
caused by accelerated river incision in response to temporal change in rock uplift rate or
climatic conditions.
2. Setting
The Gaoligong and Chongshan shear zones, as well as the Ailaoshan-Red River shear zone are interpreted as
the boundary structures accommodating Cenozoic block or subblock extrusion and rotation (Figure 1b; e.g.,
Tapponnier et al., 2001; E. Wang & Burchﬁel, 1997). They experienced multiple stages of deformation and
structural overprinting in response to the Cenozoic continental convergence (e.g., Akciz, 2004; Leloup
et al., 2001; Y. Wang et al., 2016; Zhang et al., 2010; Zhang, Zhang, Chang, et al., 2012). The GLSZ extends
northward adjacent to the southern end of the Jiali fault in the high plateau and bends to the southwest
to join the Mogok metamorphic belt (MMB) in Burma, separating the Tengchong and Baoshan blocks
(Figure 1a; Ji et al., 2000; Y. J. Wang et al., 2006; Zhang, Zhang, Chang, et al., 2012). The N-S trending segment
is exposed on the west side of the Salween valley, composed mostly of deformed granitoid, gneiss, and
low-grade mylonite and schist (Figure 2; Bureau of Geology and Mineral Resources of Yunnan Province,
1990). The shear zone rocks display steeply dipping foliation and subhorizontal lineation with well-preserved
ductile right-lateral shear sense indicators (Y. J. Wang et al., 2006; Zhang, Zhang, Chang, et al., 2012).
Strike-slip shearing on the GLSZ might have commenced at as early as ~32 Ma revealed by synkinematic
hornblende dating using 40Ar/39Ar, possibly coeval with the onset of the ALRRSZ (Y. J. Wang et al., 2006).
40Ar/39Ar dates of biotite and muscovite from the mylonites indicate rapid cooling during ~18–12 Ma
(e.g., Akciz, 2004; Lin et al., 2009; Zhang, Zhang, Chang, et al., 2012). A brittle fault, following the east ﬂank
of the GLSZ, is characterized by strike-slip movement (Figure 1b). It shows an apparent normal component
in the southern SW trending segment, forming a series of graben and half-graben basins (Figure 1b;
G. Wang et al., 2008). The Chongshan shear zone deﬁnes a >250-km-long and ~10-km-wide boundary
between the Baoshan and Lanping-Simao blocks (Figure 1b). It trends N-S in the north parallel to the
GLSZ but changes to a SE trend along the Mekong valley in the south. The shear zone comprises an eastern
lower-grade schist belt and a western high-grade gneiss belt with both dextral and sinistral shear sense
indicators preserved (Figure 2; Akciz, 2004). Geochronologic data reveal that the CSSZ has been active
since ~34 Ma, and major strike-slip shearing continued from 19 to 14 Ma revealed by the 40Ar/39Ar dates
of synkinematic micas (Akciz, 2004; Y. J. Wang et al., 2006; Zhang et al., 2010; Zhang, Zhang, Zhong,
et al., 2012).
Continent-scale rivers, such as the Salween, Mekong, Yangtze, and Red Rivers, drain across the southeastern
Tibetan Plateau, carving deep gorges; between these major valleys, elevated and low-relief surfaces are well
preserved (e.g., Clark et al., 2006). The topographic evolution and their geodynamic implications have been
the subject of considerable debate (e.g., Clark et al., 2005; Liu-Zeng et al., 2008; Ouimet et al., 2010; Y. Wang
et al., 2017; Whipple, DiBiase, et al., 2017; Yang et al., 2016). In the Salween drainage, the trunk stream is seg-
mented, consisting of a gentle-gradient downstream section at elevations less than 1,000 m, a 2- to 3-km-
deep canyon in the middle reach, and a relatively low gradient section in the high plateau (Yang et al.,
2016). The Salween’s convex longitudinal proﬁle suggests a disequilibrium state. The timing of landscape
evolution in this region remains elusive. Yang et al. (2016) document rapid, northward migrating incision
at latitudes between 26°N and 28°N along the Salween River from 10 to 2 Ma based on the spatiotemporal
changes of long-term erosion rates. Samples collected from the range front in the southern segments of
the GLSZ yield apatite ﬁssion track dates of 8.4–5.2 Ma, possibly as a result of normal faulting (G. Wang et al.,
2008). Paleoaltimetric data from the Cenozoic basins adjacent to the northern segments of the GLSZ and
CSSZ indicate that the southeast plateau (north of the latitude of 26°N) was at or near its present elevation
since the Eocene (~40 Ma; Hoke et al., 2014; Li et al., 2015).
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3. (U-Th)/He Thermochronology
Apatite and zircon (U-Th)/He (AHe and ZHe) thermochronometric systems, with relatively low closure
temperatures (AHe: ~65 °C, ZHe: ~180 °C; Farley, 2000; Flowers et al., 2009; Guenthner et al., 2013; Reiners,
2005; Shuster et al., 2006), have proven to be useful for studying topographic and orogenic evolution through
quantifying timing, rates, and spatial patterns of rock exhumation. We use samples collected over a range of
elevations from the GLSZ and CSSZ to examine their exhumation history.
Figure 2. Geological map of the Gaoligong and Chongshan shear zones and adjacent area (after E. Wang & Burchﬁel, 1997;
Zhang et al., 2010). Sample transects are indicated by the thick red lines.
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3.1. Sampling and Results
Twelve samples were collected for AHe and ZHe analyses from two vertical proﬁles across the GLSZ and CSSZ
(Figure 2). The analyzed samples are mainly deformed granite and gneiss from the high-grade metamorphic
belt in the shear zones (Figures 3a and 3b). Six samples were collected in the GL transect, generally along an
incised valley perpendicular to the GLSZ, extending along a horizontal distance of less than 10 km, spanning
897 m in elevation (from 1,711 to 2,608 m, NJ004-NJ009; Figure 3a). Six samples were collected along the CS
transect with vertical relief of 789 m (from 2,066 to 2,855 m) over a projected horizontal distance of ~5 km
(NJ011-NJ016; Figure 3b). No large-scale brittle faults with vertical displacements were observed to cut the
sample transects in the ﬁeld. Three to four grains were analyzed for each sample (see supporting information
for complete analytical details). We reject single-grain dates which are signiﬁcantly distinct from the rest of
replicates from the mean calculation (NJ008-Z4, NJ009-Z3, NJ014-G3, NJ015-G5, NJ016-G4; Figures 4a and 4c).
Supporting this decision, there is no good ﬁt in the inverse modeling if these dates are included. There is
some dispersion in the AHe and ZHe dates, which could be attributed to several factors: variation in crystal
size (Reiners & Farley, 2001), eU zonation (Ault & Flowers, 2012), and radiation damage (Flowers et al.,
2009; Reiners, 2005). However, the AHe and ZHe dates are mostly young and plotting the single-grain dates
against eU does not show a clear correlation (Figure S1), implying that the radiation damage might be a
minor factor. In addition, the slower cooling rate (<3 °C) or a long residence time within the (U-Th)/He partial
retention zone (PRZ) could also result in variations in single crystal dates (Fitzgerald et al., 2006).
ZHe dates across the GLSZ range from 11.0 ± 1.0 to 14.7 ± 1.0 Ma (Table 1), displaying a positive age-elevation
relationship with a steep gradient (Figure 4a), indicating fast cooling during this interval. The AHe dates from
this transect range from 7.1 ± 0.7 to 12.3 ± 1.0 Ma (Table 2). Most AHe dates are clearly younger than corre-
sponding ZHe dates. For upper three samples (NJ007–NJ009), the AHe dates are close to or overlap with the
ZHe dates (Figure 4a), which might indicate very rapid cooling through both systems’ closure temperatures.
ZHe dates of the six samples across the CSSZ also correlate positively with elevation within a narrow age
range (from 10.7 ± 1.3 Ma at 2,855m to 8.8 ± 1.3 Ma at the base; Figure 4c and Table 1). AHe dates of the lower
three samples are ~2–5 Myr younger than their ZHe dates (Figure 4c and Table 2). Generally, the AHe dates of
lower samples from both transects reveal a steep but less well-deﬁned trend in the age-elevation plots
(Figures 4a and 4c).
3.2. Thermal Modeling
To further investigate the thermal evolution of rocks across the GLSZ and CSSZ, we modeled
time-temperature histories using the program QTQt (v 5.4.0; Gallagher, 2012). QTQt constrains the posterior
probability of temperature through time based on the Bayesian transdimensional Markov chain Monte Carlo
inversion scheme (Gallagher, 2012). The AHe and ZHe data from each transect are modeled jointly. We
excluded some extreme dates, which are generally inappropriate for inverse thermal modeling (Flowers
Figure 3. (a and b) Sample locations, (U-Th)/He thermochronology results, and structural cross-sections along the GL and CS sample transects. Error bar represents
standard deviation for multigrain replicate dates of each sample. GLSZ = Gaoligong shear zone; CSSZ = Chongshan shear zone.
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et al., 2015). The initial temperature constraint was set to 330 ± 70 °C at 17 ± 5 Ma for both the GL and CS
sample transects, according to the published biotite 40Ar/39Ar ages of granite and mylonite from the shear
zones in the nearby sites (ranging from 20 to 16 Ma; Akciz, 2004; Lin et al., 2009; Zhang et al., 2010; Zhang,
Zhang, Chang, et al., 2012). The broad temperature range covers the sensitive region of the biotite
40Ar/39Ar system, and the assigned time range leaves much of the t-T space for the early history available
for possible solutions. All models represent 400,000 iterations: 200,000 used to stabilize or burn-in the
inversion process, and the second 200,000 used to form the posterior ensemble (Gallagher, 2012).
Exploratory runs using larger numbers did not appreciably change model outcomes.
The inverse modeling for the GL transect reveals two major phases of fast cooling. The ﬁrst episode
commenced before ~11 Ma; all the samples passed through the PRZ for zircon helium diffusion rapidly,
and the upper three samples might have reached the AHe PRZ during this cooling event (Figure 4b).
However, we cannot constrain the timing of onset. A period of slow cooling or isothermal holding lasted
for ~3 Myr; then the cooling rate increased at ~8 Ma, and all the samples exhumed to the near Earth’s surface
(Figure 4b). The magnitude of the second cooling is much less compared to the ﬁrst episode. Modeling
results for the CS transect data show a similar thermal history: a ﬁrst cooling episode before ~10 Ma, followed
by slow and quiescent cooling during 10–5 Ma, and accelerated cooling at ~5 Ma (Figure 4d). Based on the
thermal history modeling, samples from the GLSZ and CSSZ underwent approximately 30–60 °C of cooling
during the second episode (Figures 4b and 4d). Exhumation magnitude is estimated depending on the
geothermal gradient, which is often unknown. Here we assume a geothermal gradient ranging from 30 to
40 °C/km, which is similar to that used in previous studies in the nearby regions (e.g., Clark et al., 2005;
Tian et al., 2014; Yang et al., 2016). Therefore, ~1- to 2-km exhumation might have occurred across the shear
zones during this stage. In summary, the inverse modeling results from the two sample transects suggest that
the GLSZ and CSSZ experienced two phases of rapid exhumation in the Miocene, which are in accordance
with the thermal history as indicated by the age-elevation proﬁles.
Figure 4. (a and c) Zircon and apatite (U-Th)/He replicate dates and elevation proﬁles of the GL and CS sample transects.
Dates which are excluded from the mean calculation are indicated in red. (b and d) Time-temperature history of the GL and
CS transects derived from QTQt modeling (Gallagher, 2012). The black solid boxes are initial constraints. Blue line corre-
sponds to the uppermost sample. Blue dashed lines correspond to 95% conﬁdence interval for this sample. Orange line
corresponds to the lowermost sample. Orange dashed lines represent 95% conﬁdence interval for this sample. Gray lines
represent the four middle samples.
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4. Longitudinal Proﬁle Analysis
Fluvial longitudinal proﬁles adjust to balance erosion and rock uplift with readily predictable morphology
under different tectonic, climatic, and lithologic conditions. Quantitative analyses of ﬂuvial channels were
conducted in tributaries of the Salween drainage (Figure 5), combined with thermochronologic analyses in
order to investigate the late Cenozoic landscape evolution and evaluate controlling factors in
shaping topography.
4.1. Methods
A graded, concave-up river proﬁle commonly exhibits an inverse power-law scaling relationship between the
slope (S) and contributing drainage area (A) (S ¼ ksAθ where ks is the channel steepness and θ is the channel
concavity; Flint, 1974). The elevation (z) at a point along a channel evolves with time (t) depending on rock
uplift (U, relative to the base level) and erosion (E = KAmSn, where K is the erosional coefﬁcient set by climate,
rock properties, and hydrology; m and n are positive exponents; e.g., Kirby & Whipple, 2012; Schoenbohm
et al., 2004). At steady state (dzdt ¼ U  KAmSn ¼ 0), solving for channel slope yields the following relationship:
S ¼ U
K
 1
n
A
m
n (1)
Therefore, mn is the river proﬁle concavity and
U
K
 1
n equals to the channel steepness (Wobus et al., 2006).
Concavity indices (θ) range between 0.4 and 0.6 when uplift and erosion are balanced and do not show
any systematic variation with uplift rate; however, steepness indices (ks) vary with uplift rate (U) and erodibil-
ity (K; Kirby & Whipple, 2012). Knickzones might exist due to along-channel variations in lithology, climate,
uplift rate, and river reorganization (e.g., Kirby & Whipple, 2012; Willett et al., 2014). Furthermore, a temporal
change in uplift rate and climatic conditions could generate a transient migrating knickzone at the catchment
outlet, propagating upstream as an incisional wave, separating newly equilibrated lower reaches from upper
reaches which retain the characteristics of the preexisting state (e.g., Schoenbohm et al., 2004; Whipple
& Tucker, 1999; Wobus et al., 2006).
River proﬁle analyses were conducted using ArcGIS, TopoToolbox (Schwanghart & Scherler, 2014), and
ChiProﬁler (Gallen & Wegmann, 2017) based on 90-m Shuttle Radar Topography Mission digital elevation
model (DEM) data. We focus on a narrow selection of 26 evenly spaced tributaries with relatively large catch-
ment areas (basin size ranging from 28 to 401 km2) in the Salween drainage (Figure 5). They lie entirely within
the nearly uniform metamorphic rocks of the shear zones (Figure 2) in order to minimize the confounding
factor of lithologic variation. A threshold drainage area of 1 km2 was used to exclude regions that are
potentially dominated by debris ﬂows or hillslope processes (Stock & Dietrich, 2003). The ﬂuvial elevation
data were smoothed using a 500-m moving window to reduce noise along river proﬁles. We clipped the
DEM for each of the 26 selected catchments and calculate χ-transformed river proﬁles (plots of elevation ver-
sus an upstream integral of drainage area, χ) using the integral method of slope-area analysis (Harkins et al.,
2007; Perron & Royden, 2013). The variable χ can be derived according to
z xð Þ ¼ z xbð Þ þ UKAm0
 1
n
χ (2)
χ ¼ ∫xxb
A0
A x ’ð Þ
 m
n
dx ’ (3)
where z (xb) is the reference of local base level, A0 is the reference area, and x
0
is a dummy variable (Perron &
Royden, 2013). The χ variability is used to diagnose the mobility of water divides based on the assumption of
spatially uniform U and K (Willett et al., 2014). Channel steepness equals the slope of χ-transformed plots
when A0 is set to unity (Wobus et al., 2006). Discrete river segments appear as piecewise lines in χ proﬁles;
abrupt transitions between quasi-linear segments represent knickzones (Perron & Royden, 2013). A ﬁxed
reference concavity of 0.45 was applied to calculate normalized steepness indices (ksn), which is the same
as that employed by Yang et al. (2015). Maps of ksn for the entire stream network were calculated by
preforming a linear regression through χ and the smoothed channel elevation data along 500-m channel
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segments (Figure 5; Gallen & Wegmann, 2017). We conducted χ mapping of the Salween and neighboring
drainages above a common starting elevation of 460 m in order to comparability between drainages
(Figure 6b). The full extent of the χ map of the Salween drainage is presented in Figure S2.
4.2. Results
The analyzed Salween drainage traverses the steepest portion of the southeastern plateau margin, yielding
extremely high steepness indices and slopes (Figure 5). The modern catchment average erosion rates range
from 80 to 180 m/Myr in this region (Henck et al., 2011). In the downstream part of the Salween drainage
(south of the latitude of 25°N), streams generally ﬂow across relatively low-relief terrane, yielding low ksn
(Figure 5). The 26 analyzed catchments in the central part of the Salween drainage are divided into three
Figure 5. Shaded relief map of the Salween drainage between Zela and Kunlong with normalized steepness indices, inter-
polation based on ksn values along channels using the Kriging method, and slope map of the analyzed Salween drainage.
The analyzed catchments are numbered from 1 to 20 and 21 to 26 from south to north along the Gaoligong shear zone
and Chongshan shear zone, respectively. Blue dots represent catchmentmean erosion rate measurements, given in units of
meters per mega annum (Henck et al., 2011).
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groups: trib 1 to trib 20 all drain the GLSZ while some upstream portions of trib 12 to trib 20 are glaciated; trib
21 to trib 26 drain the CSSZ (Figure 5). Although there is some divergence on the χ plots after plotting them at
the same base level, the χ elevation proﬁles of analyzed tributaries exhibit similar morphology and generally
consist of two quasi-linear segments with different slopes (Figures 7a–7c). Upper channel segments are
characterized by relatively low gradient with ksn ranging from 70 to 279 m
0.9 (average = 142 m0.9;
Figures 8 and 9a and Table S1). Below are steep downstream channel segments. They exhibit much higher
ksn, ranging from 243 to 467 m
0.9 (average = 345 m0.9; Figures 8 and 9a and Table S1).
Knickzones, separating the low-gradient upper segments from the steep lower segment channels, are
identiﬁed along the valley. They are distributed across a wide range of elevations from ~1800 to ~3550 m
along strike and decrease systematically in elevation from north to south (Figure 9b and Table S1). It is
important to note that trib 12 to trib 20 display distinct cross-valley proﬁles above and below the knickzones.
U-shaped cross sections with smooth valley sides due to glacier erosion are identiﬁed above the knickzones
even though the channels are ice free at present (Figure 8). In contrast, valleys below typically exhibit
V-shaped cross sections indicating ﬂuvial incision (Figure 8). However, no moraines are observed in the
valleys. The network map of χ in our study area reveals that different χ values exist across a few water
Figure 6. (a) Mean annual precipitation from TRMM 2B31 (1998–2009; Bookhagen, 2013) in the study area. (b) The χ
mapping of the Salween drainage and neighboring drainages. Gray dots indicate the selected outlets at elevation
460 m. The outlet for the Mekong drainage is not shown due to its large downstream extent. The gray dashed rectangle
indicates the location of Figure S3.
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divides. For example, the χ in the headwaters of catchments 1 to 5 are
much lower than in their neighboring catchments (Figures 6b and 8).
The remaining analyzed catchments, however, do not showmuch contrast
in across-divide χ values.
5. Discussion
5.1. Controls on River Morphology
Segmented longitudinal proﬁles of tributaries along the GLSZ and CSSZ
indicate a complicated incision pattern that can result from a variety of
processes, which we explore below. However, it is unlikely that the
knickzones in this study result from lithologic contrasts because the
selected tributaries lie almost entirely within the relatively uniform
metamorphic rocks. A change in upstream drainage area due to river
reorganization or capture could change ksn as well as erosion rate along
channels, leading to segmented river proﬁles (e.g., Whipple, Forte, et al.,
2017; Willett et al., 2014). The network map of χ in the Salween drainage
reveals that different χ values exist across a few water divides between
our analyzed catchments and their neighboring catchments (catchments
1–5; Figure 6b). In order to further test whether these divides are mobile,
we extracted mean upstream relief, mean upstream gradient, and eleva-
tion near the water divide at the reference drainage area (1 km2), following
methods outlined by Forte and Whipple (2018). The direction in which the
water divide is moving is predicted based on the across-divide contrasts of
these metrics, which should reﬂect different erosion rates (Forte &
Whipple, 2018). However, all the three metrics are largely consistent on
either side of the divides (Figure S3), suggesting that they are generally
stable. Any spatial variability in uplift rate, rock properties, or climate will
be manifested as χ anomalies (Whipple, Forte, et al., 2017). The rivers
which exhibit different χ values across divides also experience diverse
annual rainfall, with lower χ corresponding to higher precipitation
(Figure 6a). Therefore, the contrast in across-divide χ values might reﬂect
spatial variance in precipitation instead of river reorganization. In addition,
a sudden change in drainage area will result in curving χ-elevation plots of river proﬁles below the capture
point. Concave-up (area gain) or convex-up (area loss) χ-transformed river proﬁles would be diagnostic of
recent divide migration or capture (Whipple, Forte, et al., 2017; Willett et al., 2014). However, the analyzed tri-
butaries in this study generally display quasi-linear segments in the χ plots, indicating the channel network is
nearly stationary.
In the upper Salween drainage, the elevated and low-relief surfaces are well identiﬁed (Figure S4). A recent
study suggested that river reorganization might be signiﬁcant andmay have led to the formation of such geo-
morphic surfaces (Yang et al., 2015), even though the area-loss feedback hypothesis has been subjected to con-
siderable debate and might depend on whether or not river proﬁle response time to drainage changes is slow
compared to divide mobility rate (e.g., Willett, 2017; Whipple, DiBiase, et al., 2017; Whipple, Forte, et al., 2017).
River networks should be dynamic in the Three Rivers region, but river reorganizationmay play a variant role in
shaping the topography in different tectonic and climatic settings. The analyzed catchments in this study are
distributed along the steep middle portion of the southeastern plateau margin where high-elevation and low-
relief patches are not preserved continuously. The low-gradient upper reaches developed regionally with
systematically varying knickzones elevation, indicating a minor role of river capture in our study area.
Regarding the triggers for the increased incision, two possible scenarios emerge: one in which steepened
lower channels are driven by a temporal change in uplift rates, the other in which tributary proﬁles result
from adjustments of the trunk channel to climatic change while uplift rate is constant in time. When an
increase in rock uplift rate occurs, a transient knickzone develops at the drainage outlet, propagating
upstream as an incisional wave, migrating from the trunk into the tributaries. An incisional wave such as
Figure 7. The χ-elevation plots for analyzed tributaries along the shear
zones. The 26 analyzed drainages are divided into three groups: trib 1 to
trib 11 (a) drain the Gaoligong shear zone, trib 12 to trib 20 (b) also drain the
Gaoligong shear zone, but their proﬁles may be inﬂuenced by glaciation,
and trib 21 to trib 25 (c) drain the Chongshan shear zone. They have been
shifted vertically to plot at the same base level, respectively.
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this could generate steep lower channel segments along the analyzed tributaries. The upper channels with
low gradient preserve the morphology before accelerated uplift. It is important to note that the Salween
trunk rivers ﬂow considerable latitudes; therefore, the tributaries along the drainage may experience
temporal change and/or a gradient in rock uplift. Second, numerous studies have reported ecological and
climatic changes in the Indian Ocean and southeast Asia at ~8–6 Ma (e.g., Allen & Armstrong, 2012;
Molnar, 2005; Molnar et al., 1993). Moreover, some evidence suggest intensiﬁcation of the monsoon with
increasing temperature and seasonal precipitation in Southeast Asia at ~8 Ma (Molnar, 2005, and references
therein). Increased discharges associated with the late Miocene strengthened monsoon ought to enhance
river incision rates. The trunk river might have experienced E > U, triggering downcutting of the stem and
establishment of the new local base levels for the tributaries at lower absolute elevations. Accordingly, steep
lower tributary channels are generated. We can make this interpretation, however, only if the trunk river
Figure 8. The χ mapping and shaded relief map with ksn of typical analyzed catchments. The χ-elevation plots for the longest branch in each catchment are shown
on the right column. The χ values in the headwaters of catchment 5 are much lower than in its neighboring catchment. The catchments 8, 15, and 20 do not
show much contrast in χ values across the water divide. The χ-elevation proﬁles of analyzed tributaries exhibit similar morphology and consist of two quasi-linear
segments with different slopes. The knickzones are indicated by blue stars. The dashed red lines show the linear regressions used to determine ksn. U-shaped cross
sections with smooth valley sides are identiﬁed above the knickzones in catchment 16, while valleys below exhibit V-shaped cross sections.
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incised more quickly in response to the enhanced precipitation than the
tributaries; otherwise, a humid climate-driven increase in erosion would
lower the channel slope (Bookhagen & Strecker, 2012). It is difﬁcult to
determine which scenario is more plausible given the temporal and spatial
resolution of the current, limited data set. Henck et al. (2011) suggested
that rock uplift rate plays a dominant control on surface erosion in the
Three Rivers region because erosion rates are not correlated well with
mean annual rainfall. However, such an inference is indirect. Furthermore,
in either scenario, the spatial variance in precipitation, difference in catch-
ment topography, and vegetation coverage might result in inconsistency
in ﬂuvial erosion processes in the drainage. Vertical fault components will
also affect the river morphology locally, as may be the case for trib 1 and
trib 2 due to normal faulting along the range front. All these factors com-
plicate interpretation of river proﬁles in terms of climate or tectonics.
The other important external forcing in shaping the river proﬁles is the
action of glaciers. Glaciers could modify valley cross sections as well as
river longitudinal proﬁles, which is manifested as the development of
ﬂatter sections in the upper reaches, while the lower parts retain standard
ﬂuvial forms (Brocklehurst & Whipple, 2006). The upper channels of
tributaries 12 to 20, draining the northern segment of the GLSZ, exhibit
U-shaped cross sections typical of glaciated valleys. However, no moraines
remain to mark the extent of the glaciers in our analyzed catchments,
possibly due to postglacial ﬂuvial erosion. Based on the comparison
between observed longitudinal proﬁles and simulations, Brocklehurst
and Whipple (2006) suggested that glacial modiﬁcation is focused above
the equilibrium line altitude (ELA), lowering the valley ﬂoors; below the
ELA, small glaciers widen valleys without incising the valley ﬂoor beyond
what a river would have, despite that clear U-shaped cross sections may develop. The ELA was ~4,500 m
in the eastern Tibetan Plateau during the last glacial maximum in the Pleistocene (Fu et al., 2013), signiﬁcantly
higher than the identiﬁed knickzones. Therefore, we cannot fully assess the degree of glacial modiﬁcation in
the upper segments of tributaries 12 to 20, as these segments may have been low gradient regardless of any
glacial modiﬁcation, as they are for tributaries in the south.
5.2. Thermal History and Interpretations
Our ZHe data from both the GLSZ and CSSZ record rapid cooling in the middle Miocene. In the GL transect,
this phase is restricted to ~15–11 Ma, although the onset cannot be determined with our data alone.
However, this cooling phase is consistent with other geologic and geochronologic data. The rocks from
the GLSZ exhibit pervasive foliations that strike parallel to the shear zone and dip steeply in the north seg-
ment (Figure 3a; Akciz, 2004). Anticline-syncline pairs of gneissic and migmatitic foliations with kilometer-
scale wavelength are identiﬁed on cross sections (Zhang, Zhang, Chang, et al., 2012). The mineral stretching
lineations plunge 5–20° (Zhang, Zhang, Chang, et al., 2012). All point to a transpressive regime during the
ductile shearing. Petrographic observations and P-T paths reveal that the GLSZ experienced an early stage
of amphibolite facies metamorphism due to crustal thickening, followed by late greenschist facies and ret-
rograde metamorphism suggestive of cooling and exhumation (Song et al., 2010; Zhang, Zhang, Chang,
et al., 2012). The zircon U-Pb ages of leucogranite intrusion, which are interpreted to be produced by crustal
partial melting during dextral shearing, range from ~24 to 21 Ma (Song et al., 2010). 40Ar/39Ar dating of
muscovite and biotite documents rapid exhumation along the GLSZ from ~18 to 11 Ma (Figure 10; e.g.,
Akciz, 2004; Lin et al., 2009; Y. J. Wang et al., 2006; Zhang, Zhang, Chang, et al., 2012). Therefore, this phase
of rapid cooling might have commenced in the early Miocene and is caused by transpression along
the GLSZ.
The ZHe data from the CS transect suggest nearly synchronous rapid cooling with the GL transect, ceasing by
~10 Ma. Deformation is also similar in the CSSZ, related to transpression, which generated folds of gneissic
and migmatitic foliations and ductile strike-slip shear structures at different scales (Figure 3b; Akciz, 2004;
Figure 9. (a) Along-strike variations of normalized steepness indices (ksn) for
upper and lower channel segments of analyzed tributaries along the
Gaoligong shear zone and Chongshan shear zone. (b) Vertical distribution of
knickzones along strike. The knickzones decrease systematically in elevation
from north to south.
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Zhang et al., 2010). 40Ar/39Ar dating of synkinematic micas suggest that the major phase of strike-slip
shearing occurred from 19 to 14 Ma with coeval exhumation and uplift of the metamorphic rocks
(Figure 10; Akciz, 2004; Zhang et al., 2010; Zhang, Zhang, Zhong, et al., 2012). Although our data suggest
that cooling continued for ~4 Myr after this, given the limited 40Ar/39Ar data along the CCSZ and lower
closure temperature of ZHe thermochronometric system, we can infer that ductile shearing caused this
cooling episode and ceased as late as ~10 Ma, and the CSSZ shows contemporaneous motion with the
GLSZ in the Miocene. Transpression along the GLSZ and CSSZ exhumed high-grade metamorphic rocks
from tens of kilometers depth (e.g., Akciz, 2004; Y. J. Wang et al., 2006; Zhang et al., 2010; Zhang, Zhang,
Chang, et al., 2012). Our thermochronologic data also reveal that the ﬁrst rapid cooling episode due to this
phase of deformation is the most important in the cooling history (<300 °C) of these shear zones
(Figures 4b and 4d). Because the high-grade tectonites with ductile shearing fabrics are restricted to the
shear zones, while the block interiors in between are covered by sedimentary successions (Figure 2), it is
justiﬁed to infer that the strain is localized on those large-scale strike-slip shear zones, including the GLSZ,
CSSZ, and ALRRSZ, in order to accommodate Cenozoic India’s indentation into the Asian continent in this
stage of plateau growth (e.g., E. C. Wang et al., 1998). The GLSZ and CSSZ would have experienced
signiﬁcant surface uplift during early intracontinental mountain building.
The AHe age-elevation plots and thermal history modeling indicate a second, minor cooling event in the late
Miocene to early Pliocene (Figures 4a–4d), which is consistent with the existing low-temperature
thermochronologic data along the Salween River and shear zones (Figure 10; e.g., G. Wang et al., 2008;
Yang et al., 2016). Our preferred interpretation is that this cooling event is caused by increased river incision
for the following reasons. First, there is no active fault, which might cause cooling along the western ﬂank of
the Chongshan massif adjacent to the CS sample transect. Along the GL transect, although the Nujiang fault
follows the base of the range, it is dominated by strike-slip movement without an apparent vertical
component, which is supported by the swath elevation proﬁles across the GLSZ and CSSZ (Figure S4). In
addition, the nearest samples are more than 4 km away from the range front (Figure 3a) and are therefore
unlikely to be signiﬁcantly impacted by fault-proximal uplift. Second, the younger dates are restricted to
the lower samples (Figures 4a and 4c). The longitudinal proﬁles of tributaries along the GLSZ and CSSZ are
segmented with steepened lower channels (Figures 7a–7c), suggesting increased incision possibly
corresponding to the latter stage of rapid exhumation.
Figure 10. Summary of thermochronologic data for the Gaoligong shear zone and Chongshan shear zone indicated in
Figure 1b (Akciz, 2004; Lin et al., 2009; Y. J. Wang et al., 2006; G. Wang et al., 2008; Yang et al., 2016; Zhang et al., 2010;
Zhang, Zhang, Chang, et al., 2012; Zhang, Zhang, Zhong, et al., 2012; and this study). The dashed boxes indicate data from
this study.
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5.3. Implications for Miocene Tectonics
The GLSZ turns to a SW trend in its southern segment and joins the MMB. The MMB is a nearly N-S aligned
belt consisting of mainly high-grade metamorphic rocks and granites (Searle et al., 2007). It extends from
the Andaman Sea to the east Himalayan syntaxis, parallel to the Sagaing fault (Figure 1a; Searle et al.,
2007, 2017). Right-lateral ductile deformation is observed along strike (Bertrand et al., 1999). 40Ar-39Ar and
40K-40Ar analyses of micas from the deformed metamorphic rocks along the MMB show diachronous cooling
along strike: the ages are considerably older, ranging from 32.2 to 25.9 Ma in the Gulf of Martaban in the
south and decrease northward to 19.5–15.8 Ma around the Mogok area (Bertrand et al., 2001). Even though
the GLSZ and CSSZ might have initiated in the early Oligocene (Y. J. Wang et al., 2006), the main phase of
shearing occurred during ~19–11 Ma. This information allows us to correlate the northward migration of
the tectonic events along the MMB and GLSZ with the north advancing eastern Himalayan syntaxis (EHS).
It is noteworthy that the Jiali fault, which lies to the north of the EHS (Figure 1a), show nearly synchronous
dextral strike slip with the GLSZ. 40Ar-39Ar dates obtained from the fault zone indicate a fast cooling during
~18–12 Ma, which might record the timing of the main stage of right-lateral motion (Lee et al., 2003).
Therefore, the indentation of the EHS may dominate the tectonic evolution of those large-scale strike-slip
fault systems during the Miocene.
Continued India-Asia convergence may have caused a shift in tectonic regime and deformation patterns in
the southeastern Tibetan Plateau (e.g., Lacassin et al., 1998; Le Dain et al., 1984). The tectonic framework
before Miocene deﬁned by the shear zone and metamorphic belts imply that major boundary structures
accommodate most strain during the convergence (e.g., Deng et al., 2014; Tapponnier et al., 2001; E. Wang
& Burchﬁel, 1997). Global Positioning System velocity ﬁeld with respect to the South China block reference
frame reveals the clockwise rotation of the crustal material around the EHS and suggest relatively distributed
contemporary crustal deformation in the southeastern Tibetan Plateau (Shen et al., 2005; Zhang et al., 2004).
The change from discrete to diffuse deformation has elicited several non-exclusive dynamic models which
may be related with rapid cooling/exhumation along major rivers and structures in the middle-late Miocene
(e.g., Clark et al., 2005; Ouimet et al., 2010; E. Wang et al., 2012; Y. Wang et al., 2016) as well as the second
cooling phase along the GLSZ and CSSZ. Gravitationally driven ﬂow of lower crustal material has been
proposed to contribute to the rapid surface uplift and crustal thickening in the southeastern margin of the
plateau (e.g., Clark et al., 2005; Royden et al., 1997, 2008; Schoenbohm et al., 2006). This model is supported
by the occurrence of high electrical conductivity and low shear wave speed zones in the middle-lower crust
(Bai et al., 2010; Liu et al., 2014, and references therein). It provides a satisfactory explanation for the long-
wavelength topography, the lack of substantial late Cenozoic shortening structures, and crustal movement
revealed by Global Positioning System measurements in this region (e.g., Royden et al., 2008; E. C. Wang
et al., 1998; Zhang et al., 2004). However, recent studies reveal heterogeneous distribution of low-velocity
zones in the middle/lower crust with two channels wrapping around the EHS rather than widespread sheet
ﬂow (e.g., Bao et al., 2015; Sun et al., 2014; Yao et al., 2010). The western channel lies beneath the GLSZ and
CSSZ (Bao et al., 2015). If the second rapid exhumation across the shear zones is related to the injection of
lower crustal material, the ~8–5 Ma fast cooling revealed by our AHe data might record the timing of this
process. In addition, crustal ﬂow along the two channels may initiate asynchronously, manifested as spatial
and temporal variations of rapid cooling and exhumation of upper crust inferred from existing thermochro-
nology (e.g., Clark et al., 2005; Ouimet et al., 2010; Y. Wang et al., 2016).
The secondmodel predicts middle-late Miocene uplift of the plateau and its margins, which could result from
removal of the relatively cold, dense lower lithosphere due to convective instability and subsequent replace-
ment with hotter material (Molnar et al., 1993). New seismic tomographic images reveal a T-shaped high
shear wave speed structure in the mantle beneath the plateau as well as the southeastern margin, which
might represent the lithospheric foundering (Chen, Niu, et al., 2017). Shoshonitic and potassic magmatism,
which are generally interpreted to be induced by partial melting of enriched lithospheric mantle as a result
of delamination, are widely distributed in western Yunnan (e.g., Chen, Long, et al., 2017; Lu et al., 2015).
However, their emplacement ages cluster from 37 to 32 Ma. Finally, the oblique India/Eurasia motion in
the southeastern Tibetan Plateau could cause successive crustal shortening and thickening in adjacent
regions (e.g., Tian et al., 2014; Zhang et al., 2004), supported by the west-to-east gradient in erosion rates
identiﬁed in the Three Rivers region (Yang et al., 2016). However, the middle/lower Salween drainage regions
are dominated by strike-slip structures. Based on the existing observations and data, we cannot determine
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which model is most accurate, and none of these models uniquely explain all of the geologic, geomorphic,
and geophysical observations in the southeastern Tibetan Plateau. Several of these processes might have
operated together and changed in relative importance through time and space (Schoenbohm et al., 2006;
Shen et al., 2005; C. Wang et al., 2014).
6. Conclusions
The Gaoligong and Chongshan shear zones experienced two phases of exhumation in the late Cenozoic.
Synthesis of our zircon (U-Th)/He data and published geochronologic results reveal that the ﬁrst episode
of rapid cooling commenced in the early Miocene and continued until at least ~11 Ma, caused by
transpressional movement along the shear zones. This phase of synchronous shearing of the GLSZ and
CCSZ may be a response to indentation of the eastern Himalayan syntaxis, with the shear zones experiencing
signiﬁcant exhumation during the stage. The second phase of rapid cooling, albeit of lower magnitude,
occurred in the late Miocene-early Pliocene. Tectonically driven nonuniform regional uplift or intensiﬁcation
of the monsoon with increases in temperature and precipitation might have occurred during this interval,
leading to formation of steep lower channel segments. The associated river transient response may have
driven further relief growth and exhumation of shear zones. This work contributes to understanding how
SE Asia evolved in the late Cenozoic and the kinematic and geodynamic processes operating within the
India-Eurasia oblique convergence zone.
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